One sentence summary: Nitrate and amino acid increased the accumulation levels of glycine betaine and mycosporine-2-glycine in response to changes of salinity in a halotolerant cyanobacterium Aphanothece halophytica.
. A schematic diagram of nitrate assimilation and synthesis of GB and M2G. The structural elements of nitrate assimilation are nitrate transporter (NRT), nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase/glutamate synthase (GS/GOGAT) cycle. Photosynthetically produced reduced ferredoxin (Fd) is used for NR and NiR reactions. 3-PGA and PG are 3-phosphoglycerate and phosphoglycorate, respectively. Ribulose and SHMT are 1, 5-bisphosphate carboxylase/oxygenase and serine hydroxymethyltransferase, respectively.
INTRODUCTION
The assimilatory reduction of nitrate to ammonium is a key step of the nitrogen cycle in the biosphere. Nitrate uptake and reduction to nitrite and ammonium are driven by proton/sodium motive force, ATP and reduced ferredoxin through two sequential reactions which are catalyzed by nitrate reductase (NR) and nitrite reductase (NiR) (Fig. 1) . The ammonium is incorporated into carbon skeletons via glutamine synthetase/glutamate synthase (GS/GOGAT) cycle. Assimilation and regulation of nitrogen have been extensively studied among living organisms for nitrogen control (Flores et al. 2005; Leigh and Dodsworth 2007) . Nitrate uptake was shown to be a limiting factor for nitrate assimilation (Sakamoto and Bryant 1999) .
Cyanobacteria perform oxygenic photosynthesis and, notably, their processes of nitrogen assimilation are intimately related to photosynthetic CO 2 fixation (Flores et al. 2005; Ohashi et al. 2011) . Since reducing power and ATP are required for the change of nitrate to glutamate (Glu), over 30% of the reducing equivalent generated by water oxidation is used for nitrate assimilation (Flores et al. 2005; Ohashi et al. 2011) . Nitrate (NO 3 − ) is a main nitrogen-containing compound used by cyanobacteria, but it is frequently found in the environment at relatively low concentrations (e.g. in the μM range), and most studies were carried out in the micromolar to few milimolar range (Herrero, Muro-Pastor and Flores 2001) . Limited availability of nitrate or deficiency results in reduced growth and a change in metabolite composition. On the other hand, information on high nitrate is scare and only a few examples could be found. For instance, potential of effective removal of nitrate from groundwater by cyanobacteria or aquatic plants has been reported (Hu, Westerhoff and Vermaas 2000; Sundaralingam and Gnanavelrajah 2014) . However, the concentrations of nitrate in these studies are less than 5 mM. Aphanothece halophytica (hereafter A. halophytica) is a halotolerant cyanobacterium which can grow under high salinity up to 3.0 M NaCl and accumulate nitrogenous compound glycine betaine (hereafter GB) as an osmoprotectant in response to salt stress (Waditee et al. 2003) . Recently, this cyanobacterium has been shown to accumulate the additional nitrogenous compound, mycosporine-2-glycine (hereafter M2G). Accumulation level of M2G also increased significantly under salt stress condition (Waditee-Sirisattha et al. 2014) . In A. halophytica, GB was synthesized from glycine (Gly) via a three step methylation (Waditee et al. 2003) (Fig. 1) . M2G was synthesized from sedoheptulose-7-phosphate, an intermediate of Calvin-Benson cycle and pentose phosphate pathway, via 4-deoxygudusol, mycosporine glycine and M2G (Balskus and Walsh 2010, WaditeeSirisattha et al. 2014) . For the synthesis of M2G, two consecutive additions of Gly are required (Fig. 1) . Thus, a significant amount of Gly is required for A. halophytica under high salinity. Therefore, it was interested to investigate the impact of nitrogen supply as nitrate form on the changes in relation to these two metabolites. Our results showed that elevated nitrate concentration together with high salinity led to the significantly increased levels of GB and M2G. Glycine and serine are involved in biosynthesis of both GB and M2G. In this study, we therefore examined whether availability of these two amino acids modulates intracellular levels of GB and M2G. The dependence of GB and M2G accumulation by substrate availability was also demonstrated.
MATERIALS AND METHODS

Cyanobacterial growth and stress-treatment conditions
Aphanothece halophyticacells were grown photoautotropically (70 μE m −2 sec −1 ) in blue-green (BG) 11 liquid medium containing 18 mM NaNO 3 and Turk Island saltsolution, at 30 et al. 2003 for 14 days prior to the stress treatment. For highnitrate-salt experiment, sodium nitrate concentration was increased from 18 mM (1X) to 54 mM (3X) and 108 mM (6X), respectively, and the concentration of NaCl in growth medium was changed from 0.5 to 2.0 M. For amino acid supplementation experiment, either 1 mM glycine or serine was exogenously applied to the growth medium, and the concentration of NaCl in growth medium was changed from 0.5 to 2.0 M. The growth of cyanobacterial cells was monitored by measuring the absorbance at 730 nm with a Shimadzu UV-160A spectrophotometer. Stressed cells were harvested at interval time, centrifuged and immediately kept at -80
• C for metabolite analysis.
Quantification of GB and M2G
Extraction of GB and M2G was carried out according to the protocol described previously with some modifications (WaditeeSirisattha et al. 2014) . Cell pellets from 10 ml of A. halophytica cell cultures were suspended in 500 μL of 100% HPLC grade methanol for overnight at 4
• C. After centrifugation, supernatants were dried up and the extracts were dissolved in 200 μLMilli-Q water. The resulting solution was further subjected to time-of-flight mass spectroscopy (TOF-MS) analysis and high-performance liquid chromatographic (HPLC) analysis for quantification of GB and M2G, respectively. TOF-MS analysis was carried out with AXIMA-CFR (Shimadzu) using d 11 -betaine as an internal standard (Hibino et al. 2002) . HPLC analysis was carried out with Shim-pack FC-ODS reverse phase column (3 μm; 150×4.6 mm, Shimadzu) connected to a guard column (30×4.6 mm) that contains same packing materials as main column at 35 • C. MAA was detected by using UV-VIS detector (330 nm). The mobile phase was run at flow rate of 0.4 ml/min using water containing 0.1% (v/v) trifluoroacetic acid.
RT-PCR Analysis
Total RNA was extracted from A. halophytica cells using Trizol reagent (Invitrogen, CA, USA). Total RNA was quantitatively determined spectrometrically and confirmed by agarose electrophoresis. Five μg of the total RNA was reverse transcribed using the Superscript II RT kit (Invitrogen, CA, USA) as per the manufacturer's instructions. The PCR amplification was performed with oligonucleotides specific for targeted genes (ApGSMT, ApDMT, Ap3858, Ap3857, Ap3856 and Ap3855) and AprnpB as a positive control (Table S1 , Supporting Information). The PCR-amplified samples were electrophoresed on 1.2% (w/v) agarose gels and stained with 0.1 μg/ml ethidium bromide. All RT-PCR experiments were performed at least three independent biological replication.
RESULTS
Metabolic pathway of biosynthesis of GB and M2G from amino acids and nitrate
As shown in Figure 1 , complicate metabolic pathways are involved for the synthesis of GB and M2G from nitrate were proposed. Reducing power and ATP are required for nitrogen assimilation from nitrate to Glu. Furthermore, a significant amount of Gly is required for A. halophyticato synthesize GB and M2G. Since Gly and Ser are easily converted by SHMT, we hypothesized that significant Ser synthesis would be for the accumulation of GB and M2G. In cyanobacteria, Ser is synthesized by two pathways, photorespiration pathway and phosphorylation pathway of 3-phosphoglycerate, both are involved in the CO 2 fixation reaction products. Then, we investigated the impact of nitrate and glycine/serine availabilities on the accumulation of GB and M2G.
Effects of excess nitrate and amino acid supplementation on growth of A. halophytica
We examined whether nitrate concentration affects the cyanobacterial growth. The cyanobacterium A. halophytica was typically grown in BG11medium plus Turk Island salt solution which contains 18 mM nitrate. Therefore, we used 18 mM nitrate as the control. It was shown that A. halophytica could grow in growth medium containing 3-fold and 6-fold nitrate in both low salinity (0.5 M NaCl) and high salinity (2.0 M NaCl). Specific growth rate (μ) at high salinity was slower than that at low salinity (Fig. 1S , Supporting Information), indicating that 2.0 M NaCl causes a moderate salt stress for A. halophytica. Specific growth rate of 3-and 6-fold excess nitrate was slightly decreased compared with the control (BG11), but its decrease was small. The addition of high nitrate increased the total salinity which would cause the slight growth depression. Since the cell number of A. halophytica increased concomitantly with the increase of incubation time in all conditions tested, indicating that A. halophytica could grow in 108 mM nitrate under low and high salinity.
The effects of nitrate on intracellular GB and M2G accumulation in A. halophytica
The influence of nitrate on GB accumulation level was measured. When the salinity of growth medium of A. halophytica cells was changed from 0.5 to 2.0 M NaCl, the level of intracellular GB increased from ∼7.5 to 20.1 μmol GB/gFW after 15 days incubation under normal nitrate concentration (1X) (Fig. 2A) . When the growth media were supplemented with high nitrate (3X and 6X), the same up-shock of NaCl from 0.5 to 2.0 M caused more stronger increase of GB. The most prominent increases at elevated nitrate conditions were observed at 6X nitrate. In this condition, GB content was increased from ∼7.5 to 29.5 μmol GB/gFW M2G. Nitrate concentration in culture media was changed, and intracellular GB and M2G amounts were measured as described in Materials and Methods. Means ± the SEM are shown. Indicated values in graphs were average of three independent measurements. Symbolism as follows: circle, for 1X nitrate; square, for 3X nitrate; triangle, for 6X nitrate.
( Fig. 2A) . Thus, under 6X nitrate condition, GB content was ∼1.5 times higher than control condition after 15 days treatment. We next investigated the amounts of M2G in A. halophytica cells under various nitrate concentration conditions (Fig. 2B) . As reported previously, M2G amount was increased by salinity stress (Waditee-Sirisattha et al. 2014) . In this experiment, ∼29 folds (0.28-8.2 nmol M2G/gFW) increase was caused by salinity stress for 15 days using BG11 medium with normal nitrate concentration (1X) (Fig. 2B) . It should be noted that previous study with 2.5 M NaCl stress showed ∼30 folds M2G increased even by 1 day. The reason for this difference might be lower NaCl concentration (2.0 M) used for salinity stress in this study. Thus, concentration of NaCl supplied externally is thought to influence the biosynthesis of M2G remarkably in A. halophytica cells. On the other hand, by using BG11 medium containing excess nitrate, the increase of intracellular M2G amounts was enhanced significantly compared to control condition (1X). The accumulation of M2G after 15 days salt stress with excess nitrate (3X and 6X) was ∼ 1.3 (3X) and 1.8 (6X) times higher than that with normal nitrate concentration (1X) (Fig. 2B) . Thus, similar to the case of GB, M2G biosynthesis might be accelerated by excessive supply of nitrate as nitrogen source to acclimate to highsalinity condition.
The effects of glycine/ serine on intracellular GB accumulation in A. halophytica
The influence of glycine/serine on GB accumulation level was measured by TOF-MS analysis. We previously reported that an exogenous supply of glycine remarkably increased GB level at high salinity (Waditee et al. 2007) . In this study, we further examined the up-shock by NaCl together with the provision of glycine/serine for 7 days. Relative value of GB was shown (Fig. 3A) . It was clearly shown that supplementation of either glycine or serine enhanced GB levels for about 1.5-fold compared to the up-shock by NaCl only.
The effects of glycine/serine on intracellular M2G accumulation in A. halophytica
We further investigated the same approach for the accumulation of M2G. As shown in Fig. 3B , we observed a positive trend for M2G. Glycine supplementation (at final concentration 1 mM) caused a slight increase of M2G, while serine led to more extend of product. When A. halophytica cells were up-shocked for 7 days Either glycine or serine was exogenously applied to the growth medium at 1 mM final concentration. Concentration of NaCl in growth medium was changed from 0.5 to 2.0 M. Intracellular GB and M2G amounts after 7 days were measured as described in Materials and Methods. Means ± the SEM are shown. An asterisk indicates significant difference (P < 0.05, Student's t-test, three replicates) from the control.
in the presence of amino acids, relative values of M2G were 1.3-and 2-fold higher for glycine and serine, respectively (Fig. 3B) . These results indicate that the accumulation level of M2G depends on availabilities of glycine/serine.
Expression dynamics of GB and M2G biosynthetic genes under salt stress and high-nitrate salt-stress conditions
The mRNA accumulation of GB (ApGSMTand ApDMT) and M2G (Ap3858, Ap3857, Ap3856 and Ap3855) biosynthetic genes was examined in A. halophytica cells prepared under the salt stress and high-nitrate salt-stress condition. Semi-quantitative RT-PCR was performed on total RNA isolated at 0, 24 and 48 h after treatment with gene-specific primers. As an internal control, the RNase P gene, AprnpB, was used. The obtained results are presented in Fig. 4 , for which the relative expression of each gene was set to 1 at time zero.
Salt stress caused a strong induction in the GB and M2G biosynthetic genes. Transcript levels of the ApGSMTand ApDMT genes were increased under salt stress by 2.0 M NaCl ∼ 3 and 6 folds, respectively (Fig. 4B) . Under high-nitrate salt-stress condition, expressions of ApGSMT and ApDMT were much more pronounced. An increase up to 6-fold was found for ApGSMT and 8.5-fold forApDMT (Fig. 4D) . In case of M2G biosynthetic genes, salt stress induced all four genes. An increase up to 8.5-fold was found for Ap3858; while 2.5-, 2.5-and 3-fold increases were observed for the Ap3857, Ap3856 and Ap3855 genes, respectively, after salt stress for 48 h. However, the expression of genes for M2G biosynthesis was not induced so much by high-nitrate salt stress condition (Figs 4C and 4D ). There was no obvious change in AprnpB transcripts under all conditions tested as shown in a previous report (Kageyama et al. 2011) 
DISCUSSION
In this study, we investigated the impact of nitrogen (as nitrate form) and amino acids on the accumulation of osmoprotectants GB and M2G, in the halotolerant cyanobacterium A. halophytica.
Here, we found A. halophytica could survive under high nitrate concentration up to 108 mM (6X of normal growing condition) in culture medium (Fig. 1S, Supporting Information) . We observed the increased-cell-size of A. halopytica under high salinity and the change of cell shape upon the change of salinity, but differences were not observed among nitrate-supplemented cells (Fig. 2S, Supporting Information) .
Our previous studies have been shown the significant accumulation of GB and M2G in A. halophytica under high salinity (Waditee-Sirisattha et al. 2014) . In the present study, we found further increases of GB and M2G in high-nitrate salt-stressed cells ( Fig. 2A and B) . The magnitude of the increase was proportional to the level of nitrate in the medium. At day 15, intracellular levels of GB in control (salt stress alone) and high-nitrate salt stress conditions (6X) increased to 2.7 and 3.9 folds, respectively ( Fig. 2A) . In case of M2G, intracellular levels in control and highnitrate salt stress conditions (6X) increased to 29 and 59 folds, respectively (Fig. 3B) . Thus, elevated 6X nitrate concentration at high salinity increased the amounts of GB and M2G for 1.5 and 2.0 folds compared with high-salinity condition alone. These results revealed that the stimulation in M2G was higher than GB. It would be worthwhile to mention that the level of intracellular GB was larger than that of M2G, i.e. 25 μmolGB/gFW and 8.0 nmol M2G/gFW (Figs 2A-B) . A very high concentration of GB in A. halophytica clearly indicated GB acts as a major osmoprotectant molecule, whereas osmotical function of M2G should be eliminated. Since M2G is induced rapidly compared with GB under salt stress condition, M2G might act as supplementary compatible solute during short time of salt stress and/or serves to prevent oxidative stress accompanying the salt stress. In addition, M2G would work as a UV-absorbing sunscreen molecule in A. halophytica cells.
In our tested conditions, either glycine or serine supplementation together with high salt-stressed condition also enhanced GB and M2G. These supplementations caused similar increments for intracellular level of GB and M2G as observing under elevated nitrate concentration at high salinity (Figs 2 and 3). However, supplementation of glycine led to less extent compared with serine in the case of M2G (Fig. 3B) . Since glycine and serine are readily interconvertable by serine hydroxymethyltransferase (Waditee-Sirisattha et al. 2012) , this observation needs to be further clarified.
Expression dynamics of GB and M2G biosynthetic genes revealed a strong induction under salt stress. However, the expression of genes for M2G biosynthesis were not induced so much by high-nitrate salt stress condition ( Fig. 4C and 4D) . The expression changes of genes for GB and M2G were much lower than the changes in pool sizes of GB and M2G under nitrate supplementation. These results suggest that the increased accumulation of precursors for GB and M2G enhanced the accumulation levels of GB and M2G. Namely, the addition of nitrate enhanced the glycine synthesis by the pathways shown in Fig. 1 and then increased the accumulation levels of GB and M2G. Indeed, the increased accumulation of GB and M2G by the exogenous addition of serine and glycine were observed (Fig. 3) .
Furthermore, excess nitrate (3X and 6X) was inhibitory for the growth of A. halophytica (Fig. 1S, Supporting Information) . Inhibition of growth by excess nitrate was much more severe for the case of Synechococcus elongate 7942 (data not shown). This growth depression by addition of high nitrate could be partly caused by the increase of the total salinity. Regardless, the present data suggest that the accumulation of GB and M2G relieves the inhibitory effect of excess nitrate. Further experiments are required to verify these points. Expression of GB and M2G biosynthetic genes in A. halophytica cells under salt and high-nitrate salt stresses. Cells were cultured as described in Materials and Methods, and then harvested at 0, 24 and 48 h. Semi-quantitative RT-PCR analysis was performed. PCR products were subjected to electrophoresis (A), followed by calculation of relative values of the amount of DNA fragments for 1X control (salt stress with 1X nitrate) (B), salt stress with 3X nitrate (C) and salt stress with 6X nitrate (D). RNase P (AprnpB) was used as a control for ubiquitous expression whose mRNA abundance remained unchanged under salinity stress. The values at time zero of each gene were set to 1. Data are the means ± standard deviations of three independent biological experiments.
In summary, our data suggest that elevated nitrate concentration together with high salinity led to the significantly increased levels of GB and M2G. Favorable effects induced by high nitrate supply were possibly associated with stimulation in osmoprotectant increment in A. halophytica. The dependence of GB and M2G accumulation by the provision of precursors (glycine or serine) was also described.
